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Abstract: The "Marion Dufresne Atmospheric Program - Indian Ocean" (MAP-IO) project is a research
program that aims to collect long-term atmospheric observations in the under-instrumented Indian
and Austral Oceans. As part of this project, a Global Navigation Satellite System (GNSS) antenna was
installed on the research vessel (R/V) Marion Dufresne in October 2020. GNSS raw data is intended
to be used to retrieve Integrated Water Vapour (IWV) content along the Marion Dufresne route, which
cruises more than 300 days per year in the tropical and austral Indian Ocean. This paper presents a
first assessment of this GNSS-based IWV retrieval, based on the analysis of 9 months of GNSS raw
data acquired along the route of the R/V Marion Dufresne in the Indian Ocean. A first investigation
of GNSS raw data collected during the first 5 months of operation has highlighted the bad positioning
of the antenna on the R/V that makes it prone to interference. Changing the location of the antenna
has been shown to improve the quality of the raw data. Then, ship-borne GNSS-IWV are compared
with IWV estimates deduced using more conventional techniques such as European Centre for
Medium-range Weather Forecasts (ECMWF) fifth reanalysis (ERA5), ground-launched radiosondes
and permanent ground GNSS stations operating close to the route of the R/V Marion Dufresne. The
rms difference of 2.79 kg m−2 shows a good match with ERA5 and subsequently improved after the
change in location of the GNSS antenna (2.49 kg m−2). The match with ground-based permanent
GNSS stations fluctuates between 1.30 and 3.63 kg m−2, which is also shown to be improved after the
change in location of the GNSS antenna. However, differences with ground-launched radiosondes
still exhibit large biases (larger than 2 kg m−2). Finally, two operational daily routine analyses (at
day+1 and day+3) are presented and assessed: the rms of the differences are shown to be quite low
(1 kg m−2 for the day+1 analyses, 0.7 kg m−2 for the day+3 analysis), which confirms the quality of
these routine analysis. These two routine analyses are intended to provide a continuous monitoring
of water vapour above the Indian Ocean and deliver ship-borne IWV with a low latency for the entire
scientific community.

Keywords: GNSS; Integrated Water Vapour content; Indian Ocean

1. Introduction

Water vapour plays a key role in the meteorologic and climatic system and significantly
contributes to the regulation of the Earth–Atmosphere system through a large variety of
atmospheric processes. Its close link with atmospheric temperature makes it necessary to
study its long-term evolution in the context of climate change [1,2]. On shorter time scales,
its transport is at the origin of many meteorological, sometimes intense, phenomena [3,4];
numerical forecasting of such phenomena therefore requires fine and precise observation of
the spatio-temporal distribution of water vapour [5]. Accurate and continuous monitoring
of water vapour is therefore essential, especially over the oceans, which produce nearly
86% of atmospheric water vapour by evaporation [6]. Moreover the transport of water
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vapour from the oceans to coastal areas is a major contributor to intense meteorological
phenomena, such as heavy rainfall [7,8]. Water vapour observation in the ocean domain
is partly carried out by automated or manual surface measurements, either from scien-
tific, commercial, passenger or government vessels [9]. These surface measurements are
complemented by satellite measurements of integrated water vapour contents (IWV) from
different sensors [10,11]. Satellite-borne sensors have the advantages of providing global
measurements covering a large area, but with a low space resolution (from a few kilometres)
and a low revisit frequency (from a few hours to a few days); moreover, some regions may
present gaps in satellite coverage [9].

Despite the huge development of techniques for the monitoring of weather and climate
change, the Indian and Austral Oceans are still some of the least known and least docu-
mented areas, both in terms of meteorological and climate processes. Occasional campaigns
have been conducted in the past [12], but few regular and permanent in situ observations
are available. Started in 2020, the "Marion Dufresne Atmospheric Program—Indian Ocean"
(MAP-IO, https://www.mapio.re, accessed on 19 January 2022) project aims to develop a
mobile marine atmospheric and oceanic observatory on board the French Research Vessel
(R/V) Marion Dufresne that is based at Reunion Island and operates in the Indian and
Austral Oceans. One of the objectives of the MAP-IO project is to document the space and
time distribution of atmospheric water vapour from measurements made on board the ship
along its various routes. In this work we focus on the continuous measurements from a
ship-borne Global Navigation Satellite System (GNSS) antenna installed on the research
vessel Marion Dufresne from October 2020 on. These measurements are intended to be
used to describe, and monitor, global moisture changes in the areas through which the
vessel travels.

Indeed, the precise determination of the coordinates using GNSS requires the estima-
tion of propagation delays due to the passage of the GNSS signal through the atmosphere.
As these propagation delays are partly related to the water vapour content in the tropo-
sphere, they can be used to retrieve the integrated water vapour content (IWV) along
the path. Thus, since the 1990’s, GNSS has become a commonly used technique for the
observation of water vapour, mainly being used on ground-based GNSS antennas [13].
The agreement of GNSS IWV with measurements from conventional meteorological instru-
ments is widely confirmed [14–16]. The use of static ground-based GNSS antennas in clima-
tology studies [17–19] or during research campaigns on meteorological processes [20–23]
has become commonplace. Since the mid-2000s, water vapour retrievals from permanent
GNSS networks are assimilated in near-real time (i.e., within 1 hour of the measurement) in
Numerical Weather Prediction (NWP) models and are also shown to improve the prediction
of severe weather events [24–26]. Since the early 2000s, different studies have been led to
extend the use of GNSS for atmospheric water vapour observation to the oceanic domains,
using ship-borne GNSS antennas. The main difficulty in estimating IWV on a mobile
platform lies in the high correlation between the parameters to be estimated, in particular,
the ellipsoidal height, the receiver’s clock parameters, and the tropospheric delays [27–29].
This requires the adaptation of the methodology, which may be potentially different from
that used for the analysis of static ground stations.

The different experiments aiming at retrieving ship-borne GNSS IWV have confirmed
the quality of the retrieved IWV at 1–3 kg m−2. Ship-borne GNSS IWV are thus used
for the documentation of water vapour space and time distribution during dedicated
campaigns [30–33] or for the assessment of satellite-borne water vapour radiometer [34,35].
The main foreseen advance will be the use of ship-borne GNSS IWV for climatology
and NWP. For climatology, the availability of data over long periods is low, and the
systematisation of the recording of raw GNSS data acquired by ships still needs to be
developed. Concerning NWP, first recent results show the contribution of ship-borne GNSS
IWV assimilation for a better modelling of intense rainfall events, with an improvement of
the forecasted precipitation amount and location [36]; However, real-time assimilation is
still limited by two constraints: firstly, the unavailability of accurate products for GNSS
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satellites orbit and clock corrections; secondly, the lack of a fast and robust transmission
method, which considerably delays data availability.

In this context, GNSS raw data are recorded continuously from the R/V Marion
Dufresne as the first ship-borne GNSS water vapour observatory. This dataset is intended
to be analysed routinely and operationally with low latency (1 to 3 days) for IWV retrieval
along the research vessel route. In the long term, these observations will contribute to the
documentation and understanding of atmospheric phenomena in the Southern and Indian
Oceans and could be integrated to international meteorological databases for assimilation
in NWP systems. The objective of this paper is therefore to assess the quality of the IWV
retrieved by GNSS on the R/V Marion Dufresne and to validate the routine restitution of
the latter.

To this end, this paper is organised as follows. In the first part, the GNSS dataset will
be introduced with a first assessment of the quality of the raw data and a description of
three analysis strategies that have been set up for the retrieval of ship-borne GNSS IWV
(two operational analyses and a reprocessing). In the second part, comparison datasets
from more conventional IWV estimates are described; these are GNSS Continuously Oper-
ating Reference Stations (CORS), European Centre for Medium-range Weather Forecasts
(ECMWF) fifth reanalysis (ERA5) and ground-launched radiosonde data. In the third
part, the ship-borne GNSS IWV will be assessed by comparisons with these conventional
datasets. In the fourth part, the two daily operational data analyses will be assessed with
respect to the reprocessing analysis. Finally, the results will be summarised and the perspec-
tives on the continuous monitoring of water vapour over the Indian Ocean by ship-borne
GNSS will be drawn.

2. GNSS Dataset
2.1. GNSS Measurements

In October 2020, a GNSS acquisition system was installed on the R/V Marion Dufresne.
This system is made up of a Trimble Alloy GNSS receiver and Trimble Zephyr 2 antenna.
This system is suitable for providing high-quality carrier-phase data that is required to
retrieve accurate positions and tropospheric parameters. GNSS raw data is recorded
continuously with a time resolution of 15 s. Data is acquired with an elevation cut-off
angle of 3°. Such a low elevation cut-off angle may be useful for a better separation
of height and troposphere parameter estimates during the GNSS analysis. In addition
to GPS measurements, GLONASS (Globalnaïa Navigatsionnaïa Spoutnikovaïa Sistéma)
and Galileo measurements were also recorded; however, only GPS measurements were
considered in the following as the software used in the GNSS analysis, GIPSY-OASIS v6.4
(hereafter GIPSY) [37], does not process GLONASS and Galileo measurements. GNSS raw
data is made available at the end of each day on a FTP server.

The R/V Marion Dufresne is based in Reunion Island. Its missions consist of two
main activities: first, the delivery of supplies for the benefits of the TAAF (Terres Australes
et Antarctiques Françaises, French Austral and Antarctic Lands) administration; secondly,
the participation in scientific campaigns at sea. For these activities, the route followed by
the vessel presents typical patterns as shown on Figure 1. During the period of interest
investigated in this study (1 October 2020 to 30 June 2021) the R/V made two logistical
missions in the Austral Islands (Saint-Paul and Amsterdam, Kerguelen and Crozet) as well
as various scientific missions off the tropical islands of Mayotte, Mauritius, Tromelin and
extra-tropical islands of Marion and Prince Edwards.
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Figure 1. R/V Marion Dufresne tracks from 1 October 2020 to 30 June 2021 (black line); blue
circles denote ground GNSS reference stations; orange triangles denote ground-based radiosounding
stations; coloured bold lines correspond to the different geographical zones that are crossed during
the period.

In order to assess GNSS raw data quality, a quality diagnostic was performed using the
translation, editing and quality check (TEQC) software [38]. The results of this diagnostic
are presented on Figure 2.

Figure 2. Daily quality check diagnostics of GPS phase observations for the period of interest: on
the upper panel, MP1 (red) and MP2 (blue) are multipath combinations for L1 and L2 carrier; on the
lower panel, O/S is the ratio between complete observations and the number of slips.

In the following, we first investigate the multipath indicator (interference in the code
and phase measurements induced by reflections or scattering by surfaces in the vicinity
of the GNSS antenna) for frequency carriers L1 and L2 of GPS signals, and on the ratio
of the number of observations per cycle slip (which happens when a carrier phase is
lost; the smaller this ratio is, the worse the quality of the observations is). Two specific
periods are identified. First, from 1 October to 10 March, the antenna was installed on
an intermediate deck of the vessel (the so-called "Poignée", see Figure 3, red circle); such
a location was shown to be prone to multiple interferences, as can be seen in the time
series of the ratio of the number of observations per cycle slip with values around 100.
Moreover, multipath values are also shown to be quite high (between 1 and 3 m). From 10
March 2021, the antenna was moved to the crow’s nest of the vessel (Figure 3, green circle),
which significantly improved the quality of the GPS measurements: the ratio of the number
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of observations per cycle slip thus increase up to its maximal value and the multipath
estimates decrease to around 0.4 m.

Figure 3. Schematic view of the R/V Marion Dufresne. The coloured circles denote the successive
location of the GNSS antenna on ship: in red, the first location (from 1 October 2020 to 10 March
2021); in green the second location (from 10 March 2021). Schematic view is courtesy of Nicolas
Marquestaut (OSU-R/LACy).

2.2. GNSS Data Analysis

GNSS raw data was processed using GIPSY-OASIS II v6.4 in PPP mode following
three strategies:

• Two operational daily routine analyses launched each day at day+1 (ultra) and day+3
(rapid). These analyses are intended to provide IWV retrieval with a low latency for
short-term water vapour monitoring along the route of the vessel. These two routine
analyses started from 14 March, after the change in location of the GNSS antenna
on ship.

• One re-analysis of the raw data over the whole period (repro).

Note that GIPSY only allows post-processing of the acquired data with a minimum
latency of about 1 hour, which may limit its use for NWP issues. For real-time analysis of
raw GNSS data, another processing tool should be preferred (e.g., RTKlib [39]).

The main characteristics of the three strategies are presented in Table 1. We used Jet
Propulsion Laboratory (JPL) products for satellite orbits and clocks: ultra-rapid products,
with a 300 s sampling, for the ultra analysis; rapid products, with a 30 s sampling, for the
rapid analysis; final products, with a 30 s sampling, for the repro analysis. The phase and
code raw data were analysed in a 30 h window centred on noon (GPS-Time) of each day
from which the 00:00–24:00 parameters were extracted to avoid edge effects. Phase ambigu-
ities were fixed using the wide-lane and phase bias information also provided by JPL [40].
The analysis is performed in a kinematic mode that estimates receiver position, clock offsets,
zenith troposphere delays (ZTD) and troposphere horizontal gradients simultaneously
for each epoch (sampling of 300 s for the ultra processing, 30 s for the two others). No
constraint was applied to positions between consecutive epochs.
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Table 1. GNSS analysis strategies; elevation cut-off angle, data weighting and ambiguity resolution
are identical for the three analyses.

ultra rapid repro

Elevation cut-off
angle 3◦

Data weighting 1 cm /
√

sin(elevation)
Ambiguity resolution Yes

Orbits and clocks
(sampling) ultra-rapid (300 s) rapid (30 s) final (30 s)

Ionosphere model Iono-free Iono-free Iono-free
2nd order

Troposphere model GPT GPT VMF1
GMF GMF VMF1

The troposphere effect on GNSS signal propagation was modelled by time-varying
Zenith Hydrostatic Delays (ZHD), Zenith Wet Delays (ZWD) and horizontal gradients with
a sampling of 30 s for rapid and repro and 300 s for ultra. A priori values for ZHDs and ZWDs
were computed from ECMWF analysis (provided by TUV, https://vmf.geo.tuwien.ac.at/,
accessed on 19 January 2022) for the repro processing; due to operational constraints, GPT
model [41] is preferred for the ultra and rapid processing. Elevation dependency for both
ZHD and ZWD is modelled by VMF1 mapping function [42] for the repro processing, and by
GMF [43] mapping function for the rapid and ultra processing. The final GNSS ZTD are
then obtained by the sum of ZHD and ZWD.

2.3. GNSS IWV Retrieval

The integrated water vapour content (IWV) is derived from the ZTD estimates as:

IWV = κ(Tm)× [ZTD− ZHD] (1)

The IWV is also related to the precipitable water vapour, PWV, by the relation [44]:

IWV = ρw × PWV (2)

where ρw is the liquid water density.
Here, ZHD needs to be obtained from a more accurate method than the one used as a

priori in the GNSS analysis (using, for example, surface pressure measurement or surface
level pressure from a NWP reanalysis) [45]:

ZHD = 10−6k1Rd
P

gm
(3)

where k1 = 0.776452 K Pa−1, is the dry air refractivity coefficient, Rd = 287.001 J K kg−1

the dry air specific gas constant [22] and P the surface air pressure; gm is a parametric
model for the mean acceleration due to gravity which depends on the latitude and ellipsoid
height [46].

Since, the surface pressure value may be given for a slightly different height from
the GNSS antenna, ZHD may be extrapolated using the formulation proposed in [47] and
already used in [23,32]:

ZHD(h) = ZHD(h + ∆h)− 10−6k1
P(h + ∆h)
T(h + ∆h)

× g(h + ∆h)
gatm

× ∆h (4)

where h is the ellipsoid height of the GNSS antenna, ∆h is the difference in height between
the GNSS antenna and the surface for pressure measurement; P is the pressure and T
the temperature.

https://vmf.geo.tuwien.ac.at/
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Finally, the conversion constant in Equation (1), κ(Tm), is given by [14]:

κ(Tm) =
106

Rv(k′2 +
k3
Tm

)
(5)

where Rv = 461.522 J K−1 kg−1 is the specific gas constant for water vapour , k′2 = k2 −
k1

Rd
Rv

= 0.229 K Pa−1, and k3 = 375.200 K2 Pa−1 are refractivity coefficients for the water
vapour [22]. Tm is the weighted mean temperature [14].

From this, because of the latency in the availability of some data, different strategies
are used for the ZTD to IWV conversion:

• ultra analysis: surface pressure measurements from a ship-borne meteorological sen-
sor were used (Equation (3)) and extrapolated to GNSS antenna (Equation (4)); the
weighted mean temperature was computed from Tm = 0.72× Td + 70.2 [14], where Td
is the daily mean surface temperature [19], and used to compute κ (Equation (5)).

• rapid analysis: surface pressure measurements from the ship-borne meteorological
sensor were still used (Equation (3)) and extrapolated to GNSS antenna (Equation (4));
the weighted mean temperature was computed using global grid provided by TU
Wien using a vertical extrapolation gradient of −5.4 K km−1 [17].

• repro analysis: the mean sea level pressure was extracted from ERA5 reanalysis with a
horizontal resolution of 0.25◦ and temporal sampling of 1 h [48]; the weighted mean
temperature was computed using the global grid provided by TU Wien using a vertical
extrapolation gradient of −5.4 K km−1 [17].

Figure 4 summarised the retrieval procedure from GNSS raw data to IWV.

Ship-borne
GNSS

Raw Data

ultra analysis
(300 s)

rapid analysis
(30 s)

repro analysis
(30 s)

day+1

day+3

JPL ultra
products

JPL rapid
products

JPL final
products

ZTD to IWV
Conversion

ZTD to IWV
Conversion

ZTD to IWV
Conversion

ZTD

ZTD

ZTD

Meteo Sensor

Meteo Sensor

TUW

ERA5

Tm

P

Tm

P

ultra IWV
(300 s)

rapid IWV
(30 s)

repro IWV
(30 s)

Figure 4. Workflow of IWV retrieval procedure from ship-borne GNSS raw data.

Reference [49] presented a detailed error budget for ship-borne GNSS IWV retrieval
and concluded with an uncertainty of shipborne GNSS IWV at 2.70 kg m−2. Although this
value could be refined due to some differences in the ZTD estimation and the IWV conver-
sion method (values and uncertainties for the constants of Equations (3)–(5); external data
for surface pressure and mean temperature), we can reasonably expect an uncertainty of
less than 3 kg m−2.

In order to identify and reject spurious estimates, a screening of the IWVs is performed
from a range check on the formal errors for position and ZTD errors. The details of this
screening are presented in Table 2. The threshold values were established after a careful
study of the formal error time series and distribution; the higher values used for the ultra
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solution are explained by the resolution of the calculation (300 s) which reduces the number
of observations, decreases the redundancy, and thus induces an increase in the formal error.
The rejection rate is the highest for the ultra analysis; it could be expected from the lowest
accuracy of the ultra ephemerids and clocks and also by the lower time resolution of this
analysis. For the repro processing, the screening rejection rate is considerably reduced after
the change in location of the antenna on ship, from 1.9% to 0.4%, which corroborate the
gain in quality due to this change. We also observe a larger number of rejected values for
the repro solution than for the rapid solution: this difference is mainly due to the periods
of interruption of the routine solutions around days 105, 109, 173 and 180 of 2021 (surface
measurements data for IWV conversion were unavailable then) when a large number of
outliers were rejected for the screening of the repro solution.

Table 2. Screening used for the GNSS estimates: threshold for range check on 3D position formal
errors and ZTD formal errors; number of data points after screening and screening rejection rate. ∗

corresponds to values that are computed after the change of the location of the antenna.

RCσPOS (mm) RCσZTD (mm) Npts %out

ultra 0.1–1000 0.1–6.5 24054 3.9
rapid 0.1–1000 0.1–3.0 249734 0.2
repro 0.1–1000 0.1–3.0 729868 1.9
repro∗ 0.1–1000 0.1–3.0 298871 0.4

Figure 5 gives an overview of the final availability of GNSS IWV from the three
analyses. Breaks include system failure of GNSS receiver, surface meteorological sensor
interruption (affecting ultra and rapid retrieval), and outliers rejected by screening. For the
ultra processing, 12.3% of the data is missing, with 14 interruptions longer than 30 min.
For the rapid processing, 9.0% of the data is missing, with four interruptions longer than
30 min. Finally, For the repro processing, 7.4% of the expected data is missing, with 48
interruptions longer than 30 min.

Figure 5. Final availability of the GNSS derived IWV from the three GNSS data streams. The thick ver-
tical black line denotes the change of antenna location on ship. Vertical red marks denote interruptions
in IWV retrieval due to interruptions in GNSS raw data or meteorological measurements acquisition.

3. Comparison Dataset
3.1. ERA5

The Total Column Water Vapour (TCWV) product form ERA5 reanalysis [48] is used to
retrieve IWV estimates along the track. This product is provided with a horizontal sampling
of 0.25◦ and a time resolution of 1 h. Each 1-hour grid point surrounding the GNSS antenna
was first extrapolated at the GNSS antenna height using the empirical gradient for IWV
proposed by [50] and used in [17,23]:

IWV(h) = IWV(h + ∆h)× [1− k× ∆h] (6)

where k = 4× 10−4 kg m−2 m−1.
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The values are then bilinearly interpolating at the GNSS antenna horizontal position.

3.2. Ground-Launched Radiosonde

Two ground-launched radiosonde stations are considered: Le Gillot (Reunion Island)
and Port-aux-Français (Kerguelen Island)—see Figure 1. For Le Gillot, two radiosondes
are launched every day (at 11:15 and 23:15 UTC), while for Port-aux-Français only one
day-time radiosonde is launched every day (at 11:15 UTC). Both stations used Modem
M10 radiosondes and provide high vertical resolution profiles (about 5–10 m in the lower
troposphere) of pressure, temperature and dew point temperature. A light quality check
of the radiosondes profiles is performed: we only considered profiles that reach at least
10,000 m with a first point at most 5 m above the station (this check rejects 1.7% of the profiles
for Le Gillot, 10% for Port-aux-Français); moreover, only ascending points are considered.

Various studies have already been conducted to evaluate the agreement of this type of
radiosonde with other techniques or type of radiosondes. During a campaign dedicated
to the evaluation of water vapour measurement methods, [16] presented large dry biases
in humidity monitoring, especially in dry layers; this induced an overall dry bias in IWV
retrieval compared to GNSS of about −12.6% and a standard deviation of 6.6%. More
recently, [51] investigated the error sources that may degrade humidity measurements with
Modem M10 radiosondes. They proposed a set of corrections that was shown to reduce
differences with the well-known RS92 radiosonde by a factor of 2–3. However, this set of
corrections is not yet implemented for all radiosonde stations. In another recent study, [19]
presented differences in IWW retrieval from M10 and GNSS, with a bias of −1.93 kg m−2

(M10 dryer than GNSS).
Water vapour pressure of profiles are computed from dew-point temperature using

Teten’s formula [52]. Then, IWV are obtained from the vertical interpolation of the water
vapour density profiles from surface to the top of the profile:

IWV =
∫ top

s f c
ρwv(h)dh (7)

where ρwv = e
Rv×T is the water vapour density, e is Water vapour pressure, T is the

temperature, Rv = 461.522 J K−1 kg−1 is the specific gas constant for water vapour [22].

3.3. Ground GNSS Antenna

Along its track, the R/V Marion Dufresne passed close to ground continuously operat-
ing reference GNSS stations (CORS) as indicated in Figure 1. For each territory highlighted
on the map, only one reference station was considered, the selection criteria being based on
data availability, proximity of the station to the coastline and to mean sea level.

The GNSS raw data was also analysed using GIPSY, following a procedure that has
been widely used in previous studies [22,23]. Hereafter, we present the main characteristics
of the processing. Only GNSS data for the GPS constellation is considered and processed in
PPP mode with ambiguity resolution; we used JPL final products for orbits and clocks of
GPS satellites. Analysis was performed in static mode with the estimation of one single
position per day for each station. ZWDs and horizontal gradients were estimated after
a priori correction for ZHD and ZWD from ECMWF analysis, with a sampling of 300 s.
Elevation dependency for troposphere delays was modelled by VMF1 mapping function.
As for the ship-borne ZTDs, a screening of the ground estimated ZTDs was also performed
in order to reject spurious data or outliers that would degrade comparisons. The screening
was reduced to a range check on the formal errors of the estimated ZTDs. The threshold
value of 4.0 mm was chosen on the basis of the distribution of formal errors over the period
of interest. This threshold induces a low rejection rate in the range 0.0–0.1% except for the
station DRBA, where it reaches 17.8%. This large rate may be linked to a large number of
interruptions of acquisition from this antenna over the period.

Finally, IWV of CORS are retrieved for ZTD estimates using the same methodology as
for the ship-borne repro solution.
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4. Assessment of GNSS IWV Retrieval

An assessment of GNSS-derived IWV was conducted using estimates from the repro
processing, from Oct. 2020 to Jun. 2021. We used IWV from the seven ground refer-
ence GNSS antennas, the two radiosonde sites (see Figure 1) and the ERA5 reanalysis
for comparisons.

The Figure 6 shows the IWV times series from the different techniques. Overall,
there is good consistency between the different sources of IWV. However, we should note
the radiosondes, which occasionally deviate more strongly from the other techniques
(in particular for the radiosondes launched at Réunion Island). It is easy to distinguish
the different climatic zones crossed, with the drier southern passages (between Crozet,
Kerguelen, Marion and Prince Edouard islands), with IWVs fluctuating around 15 kg m−2

and extreme values between 5 and 30 kg m−2, and the passages closer to the tropics
(Réunion Mayotte, Mauritus), more humid, where IWVs fluctuate around 30 kg m−2 for
extreme values between 20 and 65 kg m−2, which may be usual in tropical areas [29,53].
The long docking period in Réunion Island in spring 2021 is due to health constraints
related to the COVID-19 pandemic.

Figure 6. IWV time series along the route of the R/V Marion Dufresne. The upper panel of the figure
indicates the location of the R/V Marion Dufresne. The lower panels represent the IWV time series as
seen by the Marion Dufresne (purple solid line, repro solution), ERA5 (olive solid line), CORS (dotted
lines; MARN, VACS, MAYG, LEPO, KERG, CZTG and DRBA) and radiosondes (triangles, REUN
and KERG); the thick vertical black line denotes the change of antenna location on the ship.

Furthermore, it is worth noting:

• The passage in the southern part of the Indian Ocean in February 2021 (days 30 to 60),
with a succession of dry (< 10 kg m−2) and wet (IWV> 30 kg m−2) periods.

• A very wet period in early January 2021 near Reunion (days 11–13 of 2021, peak IWV
above 60 kg m−2), coinciding with the passage of tropical storm Danilo.

• A very wet period in early March 2021 between Reunion and Tromelin (around day
65 of 2021, IWV> 60 kg m−2), corresponding with the passage of tropical storm Iman.

• A long wet period when the Marion Dufresne was docked in Reunion during the last
two weeks of April (around days 104 to 125, IWV around 50 kg m−2), corresponding
to a very rainy sequence on the island, with a cumulative rainfall twice as high as the
seasonal normal.

Differences of IWV retrieval from ERA5, CORS and radiosondes with respect to the
ship-borne IWV (repro analysis) are computed by time matching and summarised in Table 3.
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For CORS and radiosondes comparisons, we only considered data points when antennas
were closer than 50 km.

Table 3. Statistics of difference with respect to the repro solution: comparisons with IWV retrievals
from ERA5, CORS and radiosoundings. Npts: number of data points; µ mean IWV (kg m−2); b± σ:
bias ± standard-deviation of differences (kg m−2); rms: difference root mean square (kg m−2); ρ:
correlation coefficient; d: mean distance between CORS or radiosonde station and the R/V (km); ∆h:
mean difference in height between CORS or radiosonde station and the R/V (m). Lines marked with
a ∗ show the statistics after changing the position of the antenna on the ship.

Npts µ b± σ rms ρ d ∆h

ERA5 6055 26.6 +0.21 ±
2.78 2.79 +0.98 - -

ERA5 ∗ 2490 30.4 +0.45 ±
2.45 2.49 +0.98 - -

CORS

CZTG 1800 +12.6 -0.08 ±
2.69 2.70 +0.90 9.5 120

KERG 3168 +12.0 +1.13 ±
2.47 2.71 +0.92 6.6 3

MARN 453 +10.7 +2.64 ±
2.50 3.63 +0.80 27.9 −12

LEPO 26750 +34.5 +0.47 ±
2.15 2.21 +0.98 3.7 −13

MAYG 3922 +41.2 +0.35 ±
3.49 3.51 +0.88 23.1 −21

DRBA 65 +39.3 +0.66 ±
1.12 1.30 -0.43 21.3 7

VACS 573 +23.1 -2.30 ±
2.10 3.11 +0.29 26.3 398

CZTG ∗ 933 +9.2 -0.00 ±
2.84 2.84 +0.71 4.5 115

KERG ∗ 1055 +17.4 +0.31 ±
1.56 1.59 +0.97 5.0 −2

LEPO ∗ 20485 +34.0 +0.60 ±
1.74 1.84 +0.99 3.3 −15

Radiosondes

REUN 153 +36.9 +2.54 ±
3.45 4.29 +0.96 26.3 11

KERG 11 +13.9 +2.36 ±
2.70 3.59 +0.94 5.0 0

REUN ∗ 116 +36.1 +2.28 ±
3.30 4.01 +0.97 25.9 9

The bias between the ERA5 and repro is quite small (0.21 kg m−2), with ERA5 being
wetter than GNSS. This bias tends to increase after the change of the location of the antenna
(0.45 kg m−2). One explanation for this increase may lie in the fact that the Marion Dufresne
was docked in Reunion for a long time after the antenna change; at this location, one
of the surrounding ERA5 grid points is on the western slope of the Python des Neiges:
extrapolating the ERA5 value at this point to the height of the GNSS antenna may degrade
the quality the extracted IWV value. The difference rms is also clearly reduced after
changing the location of the antenna (from 2.79 to 2.49 kg m−2). The values (before and
after the change of location of the antenna) are fairly consistent with the values already
cited in the literature [32,49]; [33] provide lower rms difference between GNSS and ERA5
for an experiment performed in the Arctic Ocean, but it is known that in such areas, the low
space and time distribution of water vapour may be more easy for the ERA5 to catch.
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Regarding the comparison with CORS during the whole period, we observe a dif-
ference in rms of between 1.30 and 3.63 kg m−2, with biases that range from −2.30 to
2.64 kg m−2. Mean IWV values range from 10.7 to 41.2 kg m−2 and are higher for low
latitude stations (MAYG, LEPO) than for high latitude stations (CZTG, KERG, MARN).
This was obviously expected, as a warm atmosphere can contain more water vapour than
a cold atmosphere. Two stations present larger biases: for the station VACS, this large
value can be attributed to the large difference in altitude between the two antennas (nearly
400 m); the large bias for station MARN is not yet explained, but might be linked to the
small period of comparison and the largest distance between ship-borne and ground GNSS
antenna (27.9 km in average), and/or the unfavourable location of the GNSS antenna on
the ship at this time. Despite a good agreement in terms of differences (0.66 ± 1.12 kg m−2),
comparison with DRBA station highlights a poor correlation coefficient (0.29); this can be
linked to a low number of comparison points. Stations KERG and CZTG present similar
differences, with a lower bias for CZTG (−0.08 kg m−2) and a smaller standard-deviation
for KERG (2.47 kg m−2), with similar mean IWV values (around 12 kg m−2). Station MAYG,
which is the closest CORS to the equator, presents the highest mean IWV value (41.2 kg m−2)
and the highest difference rms too (3.51 kg m−2); such order of magnitude of differences
with CORS were also observed over the Tropics in [32,49]. Station LEPO provide the largest
number of comparison points, with a good agreement (rms of 2.21 kg m−2 for the whole
period); It should be noted, however, that these good results were obtained under quite
favourable conditions, as the proximity to the LEPO station corresponds to a dockside
position of the R/V. Finally, we observe a clear improvement in the comparisons with KERG
and LEPO when considering the period after the change in location of the antenna on the
ship (difference rms decrease respectively from 2.71 to 1.59 kg m−2and 2.21 to 1.84 kg m−2).
For CZTG, the bias is reduced but the standard deviation slightly increases.

Comparisons with radiosondes exhibit a large difference in rms (4.29 kg m−2 and
3.59 kg m−2 for REUN and KERG, respectively) and bias (2.54 kg m−2 and 2.36 kg m−2

for REUN and KERG, respectively), with radiosonde wetter than ship-borne GNSS. These
differences are larger than those presented in the majority of previous studies [33,49], even
if larger ones are also observed [54]. We have previously mentioned that such radiosondes
(Modem M10) were mainly known to have dry bias, which is not the case here. We also com-
pared radiosonde IWV to IWV from closest CORS station (LEPO and KERG) over the whole
period (435 profiles for REUN, 237 for KERG); wet biases (radiosonde wetter than CORS) were
also observed (1.13 kg m−2 for KERG, 2.65 kg m−2 for REUN). Radiosondes profiles were
also investigated. Relative humidity saturation in the lower layers was commonly observed
(range 0–3 km for REUN, 0-1 km for KERG, not shown here) and may explain the highest
IWV values. Currently, the cause of this saturation was not elucidated; some hypothesis has
been put forward, such as radiosonde assent through deep clouds and precipitation or water
vapour condensation on the its humidity sensor.

5. Operational Production of GNSS Derived IWV

Figure 7 shows the time series of the integrated water vapour contents of the three
solutions presented previously (ultra, rapid and repro) as well as the deviations of the
operational analysis from the repro analysis. During this period of comparison, the Marion
Dufresne is, for the most part, docked in Reunion Island; this may tend to improve the
results of the analyses and therefore overestimate the performance of the operational
calculations. As mentioned previously, breaks in ultra and rapid solution are mainly due
to interruptions in surface meteorological sensor (that is use for ZTD to IWV conversion).
There is a good overall consistency between the three solutions; the time series for the
ultra analysis show abrupt variations inherent to the lower accuracy and resolution of the
ephemeris used. Whether the vessel is docked, anchored or on the open sea, the differences
between the repro solution and the rapid solution are in the ±5 kg m−2 range (except
one outlying point on day 162 that was not rejected by the screening). Over the period,
the differences between the ultra and repro solutions are greater than 2 kg m−2 for only 0.3%
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of the points compared. Between the rapid and repro analyses, this rate is slightly higher,
around 1.3%.

Figure 7. IWV time series along the route of the R/V Marion Dufesne. The upper panel of the figure
indicates the location of the R/V Marion Dufresne. The middle panel represents the IWV time series
as seen by the Marion Dufresne GNSS antenna for the repro (purple solid line), ultra (orange solid
line) and rapid (green solid line) solution. The lower panel represents the difference of the ultra and
rapid solutions with respect to the repro solution.

The statistics of the differences to the repro solution are presented in the Table 4.
The biases are small (less than 0.5 kg m−2); for the ultra solution, they are linked to the
differences in the estimated ZTDs, to the differences in ZHDs (PTU vs. ERA5) and to
the difference in Tm (PTU vs. VMF1). For the rapid solution, the bias is only due to
the differences in estimated ZTD and calculated ZHD. The standard deviations of the
differences are reduced with the rapid analysis compared to the ultra analysis (1.00 kg m−2

for the ultra analysis down to 0.59 kg m−2 for the rapid analysis). The correlation coefficients
of 1.00 highlight the high consistency of the time series. These statistics highlight the
performance of the routine IWV retrieval with a low latency (from 1 to 3 days).

Table 4. Statistics of difference with respect to the repro solution of the two operational solutions, ultra
and rapid. Npts—number of data points; µ—mean IWV (kg m−2); b± σ—bias ± standard deviation
of differences (kg m−2); rms—root mean square of differences (kg m−2); ρ—correlation coefficient.

Npts µ b± σ rms ρ

ultra 24022 +29.3 +0.24 ± 1.00 1.03 +1.00
rapid 249481 +29.5 +0.43 ± 0.59 0.73 +1.00

6. Discussion and Conclusions

In this study, we presented the IWV retrieval from a ship-borne GNSS antenna on
the R/V Marion Dufresne as part of the MAP-IO project. The antenna was installed in
October 2020 and has been operating continuously since then. The IWV retrieval aims
at the long-term documentation, description and understanding of the space and time
distribution of atmospheric water vapour over the Indian and Austral Oceans.



Atmosphere 2022, 13, 903 14 of 17

GNSS raw data are uploaded daily on an FTP server. A preliminary study of the
raw data revealed an unfavourable location of the antenna on the ship. The change of its
location was shown to reduce both multipath and cycle slips, which can severely degrade
the results of GNSS analysis. In March 2021, two daily routine processing streams of
the GNSS raw data were set up, with a latency of 1 and 3 days, respectively. They are
intended to provide accurate and operational GNSS-based IWV to the scientific community.
In parallel, a "reprocessing" analysis was carried out in order to obtain a long series of IWV
since the installation of the antenna.

The reprocessing analysis was compared to IWVs extracted from ERA5, or measured
by GNSS CORS and ground-launched radiosondes. The differences between the techniques
are consistent with results from previous studies, with difference rms of 2.79 kg m−2 for
ERA5, 1.30 to 3.6 kg m−2 for CORS and 3.59 to 4.29 kg m−2 for radiosondes. Differences
were shown to be reduced after the change in location of the antenna on the ship. These
results confirm the good performance of IWV restitution from a shipboard antenna. Next,
the routine analyses were compared with the reprocessing analysis. A very good match is
observed with the reprocessing analysis showing low difference rms and high correlation
coefficient. These results highlight the performance of a routine observation of water
vapour over the oceans with the help of ship-borne GNSS antennas.

The deployment of the GNSS antenna on the R/V Marion Dufresne is now sustainable.
The IWV measurements retrieved, as presented in this study, will be used for long-term
periods, as it is customary for ground-based antennas. Rms difference of routine analysis
are consistent with threshold requirement mentioned by [55] for global and regional NWP,
but the latency should be still reduced. This could be reached thanks to the maritime VSAT
carried on the R/V Marion Dufresne. An hourly transmission of GNSS raw data is thus
expected in the near future and will enable an hourly analysis with a latency of a few hours
(typically below 2 h). The operational use of ship-borne GNSS IWV as assimilated data in
NWP thus becomes reachable.

Further assessments of GNSS and IWV data quality collected onboard the RV Marion
Dufresne will be conducted in the near future through organising dedicated GNSS verifica-
tion experiments, based on the launch of collocated radiosondes onboard the vessel and
also on the use of satellite-borne water vapour measurements [49,56]. Moreover, further
intercomparison procedures will also be set up in the the tropical Indian Ocean to benefit
from the recent, and relatively dense, ground-based GNSS network deployed in Madagas-
car and Scattered Island of Grande Glorieuse, Juan de Nova, Europa and Tromelin in the
frame of the IOGA4MET research program [57,58].
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